Abstract. The relationships between litter size, offspring weight, and behavioral development were investigated in 924 offspring from 74 litters of CD-1 control mice. The litters were measured for litter size and offspring weight on postnatal days (PND) 0, 4, 7, 14, and 21 during the lactation period. The offspring were examined for behavioral development including surface righting, negative geotaxis, cliff avoidance, swimming behavior, and olfactory orientation. Offspring weight decreased as litter size increased at PNDs 4, 7, 14, and 21 in both sexes, and the coefficients of determination (r 2 ) of the regression analysis were more than 0.5 and significant (P < 0.01) for each sex. The relationships between litter size and behavioral development were assessed using regression analyses, and litter size incurred few significant effects on the behavioral developmental variables (r 2 < 0.5 in each case). The relationships between offspring weight and behavioral development were also assessed using regression analyses, and similarly offspring weight showed few significant effects on the behavioral developmental variables (r 2 < 0.5 in each case).
In multiparous mammals, such as rodents, including rats and mice, littermates influence each other during the lactation period and thus litter size is a major factor affecting both dams and their offspring. It seems that litter size may influence offspring growth and maternal behavior during the lactation period. Therefore, litter size may be an important variable in developmental studies.
In the Tokyo Metropolitan Institute of Public Health, several reproductive and neurobehavioral toxicity studies of food additives in mice have been performed and their results evaluated (Tanaka 1992 (Tanaka , 1993 (Tanaka , 1994 (Tanaka , 1995a (Tanaka , b, 1996 (Tanaka , 1997a . The methodological problems concerning litter size and postnatal development need to be considered since the postnatal handling of offspring in litters influences test performance. Two different methods are widely used for postnatal developmental studies, one method involves culling litter size during early postnatal days (Kiyono et al. 1982 ) and the other involves not culling litter size (Paget and Thomson 1979) . Where litter size is culled, and mothers given sufficient food, the nutritional conditions of the offspring become similar among litters, but any developmental effects of the culled offspring are missed. Where litters are not culled, the developmental effects of litter size should be closely observed since all offspring are examined in developmental tests. However, the nutritional conditions of offspring differ among such litters, and offspring may be influenced by over-or undernourishment. Agnish and Keller (1997) explained that culling of rodent litters in the early postnatal period should be standard practice in delivery-type reproduction studies since this reduces the litter size-induced variability in the growth and development of offspring during the lactation period and thereby increases the sensitivity of statistical analyses to detect treatment-related effects. Nevertheless, Palmer and Ulbrich (1997) reported that culling was totally divorced from natural values for most rat strains and involved elimination, usually without adequate examination, of between 30 and 45% of offspring. They also reported that culling totally nullified litter size as an indicator of toxicity because it greatly increased the vari-ation in mean offspring weight. In our laboratory, the non-culling method has been used since the developmental effects of offspring should be mostly observed.
Several studies have referred to the effects of litter size on the postnatal growth of offspring. Wurtman and Miller (1976) , for example, referred to the effects of litter size on offspring growth rates in rats, and Epstein (1978) described the effects of litter size on offspring growth rates in mice. Romero et al. (1992) described the relationship between fetal weight and litter size in reproductive toxicity studies of rats, while Tanaka and Ichikawa (1995) explained the relationship between litter size and offspring weight during the lactation period in mice. In the latter study, it was found that offspring weight was restrained in a litter size related manner during the late lactation period in mice.
A few studies have examined the effects of litter size on behavioral development of offspring. Nagy et al. (1977) , for example, reported that patterns of swimming behavior and spontaneous locomotor activity were delayed in mice from large litters. Wehmer and Jen (1978) subsequently found that behavioral development was affected by both prenatal nutrition and postnatal litter size in rats. Nevertheless, Mendl (1988) considered that the effects of litter size on behavioral development have not been generalized so far in rodents. Tanaka (1998) considered that innate differences in litter size produced few effects on behavioral development during the lactation period in mice. In the above study, offspring were measured as a mixture of male and female in offspring weight and behavioral development, and included two-and three-generation studies. In this paper I report on the relationship between litter size, offspring weight, and behavioral development in both males and females in two-generation toxicity studies in similar conditions in mice over a period of seven years.
Materials and methods

Animals and maintenance
Male and female mice (Crj: CD-1, 4 weeks of age) were purchased from Charles River Japan Inc., Kanagawa, Japan. They were individually housed in polycarbonate solid-floored cages with wood flakes (Nihon Clea, made from beech and cedar), and kept in a temperaturecontrolled room maintained at 24 ± 1°C with a relative humidity of 55 ± 5% on a 12 h light/dark cycle. They were given a controlled basal diet (Nihon Clea, CE-2) and water ad libitum.
Reproductive procedure
In reproductive and neurobehavioral toxicity studies (Tanaka 1992 (Tanaka , 1993 (Tanaka , 1994 (Tanaka , 1995a (Tanaka , b, 1996 (Tanaka , 1997a , male and female mice (n = 10 per study) were used as the control group, and those from the F 0 generation were five weeks of age at the start of the study. At nine weeks of age, each female mouse was paired with one male from the control group. After five days, the males were removed from the females and the females were allowed to carry their litters to term, deliver and rear their offspring.
In the F 1 generation, litter size was measured on postnatal day (PND) 0 (at birth). The offspring were individually weighed on PNDs 0, 4, 7, 14, and 21 during the lactation period, and were analyzed on a whole-litter basis (Abbey and Howard 1973) . The offspring were weaned when they were four weeks of age.
Neurobehavioral procedure
The functional and behavioral developmental parameters were measured and scored for all individual offspring during the lactation period in the F 1 generation. The measured variables were as follows.
1. Surface righting on PNDs 4 and 7 (Fox 1965; Pantaleoni et al. 1988) . The offspring were placed on their backs on a smooth surface and the time required to right themselves to a position where all four limbs touched the surface was recorded. The scoring rate for successful righting was: 2 = righting within 1 s; 1 = more than 1 s but within 2 s; 0 = more than 2 s.
2. Negative geotaxis on PNDs 4 and 7 (Fox 1965; Altman and Sudarshan 1975; Pantaleoni et al. 1988) . The offspring were placed in a head-down position on a 30° inclined plane and the time required to reorient to a head-up position was recorded. The plane was made of plywood covered with sandpaper (fine grade). The following scoring rate was employed: 0 = no response within 60 s; 1 = response within 60 s; 2 = response within 30 s.
3. Cliff avoidance on PND 7 (Fox 1965; Altman and Sudarshan 1975; Pantaleoni et al. 1988) . The offspring were placed on a platform elevated 10 cm above a tabletop. The forelimbs and snout of the animal were positioned so that the edge of the platform passed just behind an imaginary line drawn between the eye orbits. The following scoring rate was employed: 0 = no response within 20 s; 1 = avoiding by moving backwards within 20 s; 2 = avoiding by turning.
4. Swimming behavior on PNDs 4 and 14 (Fox 1965; Pantaleoni et al. 1988 ). The offspring were placed into a tank of water maintained at a temperature of 23 ± 1°C and swimming behavior was rated for direction (straight = 3, circling = 2, floating = 1) and head angle (ears out of water = 4, ears half out of water = 3, nose and top of head out of water = 2, and unable to hold head up = 1). Limb movement was rated as either 1 = all four limbs used, or 2 = hind limbs only used.
5. Olfactory orientation on PND 14 (Altman and Sudarshan 1975; Barlow et al. 1978; Meyer and Hansen 1980) . The offspring were placed in the arm of an apparatus consisting of two compartments connected by the arm. One compartment was covered with wood flakes from their home cages and the other was covered with fresh wood flakes. The time required to enter the compartment with home wood flakes was recorded. The following scoring rate was employed: 0 = no response within 90 s; 1 = entered the home wood flake compartment via the fresh wood flake compartment; 2 = entered the home wood flake compartment directly.
Statistical analysis
The relationships between litter size and offspring weight (litter base) were assessed using regression analyses at PNDs 0, 4, 7, 14, and 21. Behavioral development data were shown as average scores per litter for each variable. The relationships between litter size and behavioral development were assessed using the regression analysis at PNDs 4, 7, and 14 for each variable. The relationships between offspring weight (litter base) and behavioral development were also assessed using the regression analysis at PNDs 4, 7, and 14 for each variable.
Results
A total of 924 offspring, in 74 litters, were born. Three females failed to become pregnant, and abortion was observed in two females. One female killed all of her offspring at birth (see Fig. 1 ). Four litters died during the first week of lactation as a result of their dams having under-developed mammary glands. One litter was killed humanely (to prevent them from dying of starvation) in view of the death of their mother in the second week of lactation and third litter was killed humanely for the same reason in the third week of lactation.
Offspring weight decreased as litter size increased at PNDs 4, 7, 14, and 21 in both sexes, and the coefficients of determination (r 2 ) of the regression analysis were more than 0.5 and significant (P < 0.01) in each case (see Tables 1 and 2 ).
The relationships between litter size and behavioral development were assessed using regression analysis, and litter size showed a slight negative effect (r 2 = 0.187) on swimming direction at PND 4 in male offspring (Table 3, Fig. 2 ). Although swimming direction showed significant determination in coefficients, the behavioral developmental variables shown in Table 3 were found to represent no or few significant effects on litter size as r 2 was smaller than 0.5. Other variables (negative geotaxis at PND 7 in male offspring, swimming limb movement at PND 4 and swimming behavior at PND 14 in both sexes) showed the same score (condition) of the criterion for success in all offspring at the measured time. The relationships between offspring weight and behavioral development were assessed using regression analysis, and offspring weight showed a slight positive effect (r 2 = 0.269) on swimming direction at PND 4 in male offspring, and showed a slight positive effect (r 2 = 0.101) on surface righting at PND 4 in female offspring (Table 4 , Fig. 3 ). Although swimming direction and surface righting showed significant determination in coefficients, the behavioral developmental variables shown in Table 4 were found to represent no or few significant effects on litter size as r 2 was smaller than 0.5. Other variables (see above) showed the same score (condition) of the criterion for success in all offspring at the measured time.
Discussion
In this study, few behavioral developmental parameters were affected by litter size or offspring weight during the lactation period. Swimming direction at PND 4 was more affected by offspring weight (r 2 = 0.269) than litter size (r 2 = 0.187) in male offspring. Swimming direction (indicating development of coordinated movement) was retarded in male offspring belonging to litters of smaller offspring during the early lactation period, but the relationship between offspring weight and swimming direction showed only a slight effect (r 2 < 0.5). Surface righting (also indicating development of coordinated movement) was affected by offspring weight (r 2 = 0.101) in female offspring during the early lactation period, but the relationship between offspring weight and surface righting was only slight (r 2 < 0.5). It seems, therefore, that there are few significant effects of litter size or offspring weight on the behavioral developmental variables measured here.
Although Mendl's (1988) review of the literature in- dicated that litter size shows no consistent effects on behavioral development in rodents, Nagy et al. (1977) had in fact reported that the patterns of swimming behavior and spontaneous locomotor activity of mice were delayed in large litters (16 offspring) when compared with small litters (6 offspring). Wehmer and Jen (1978) found that behavioral development was affected by prenatal nutrition in the first and second postnatal weeks and postnatal litter size in the second and third postnatal weeks in rats. Therefore, it seems that litter size may influence behavioral development since the offspring from large litters may have been more undernourished than those from small litters. However, Smart and Dobbing (1971) reported that although undernourishment inhibited offspring weight, it produced no adverse effects on righting, negative geotaxis or cliff avoidance in rat offspring. It therefore seems that offspring weight may not influence reflex ontogeny in rats. Tanaka and Ichikawa (1995) found that offspring weight was depressed in larger litters during the late lactation period, and Tanaka (1998) found that natural differences in litter size produced few effects on behavioral development during the lactation period. It seems, therefore, that behavioral development is not influenced by litter size or offspring weight during the lactation period. Priestnall (1972) found that female mice rearing smaller litters spent more time in their nests and licking individual offspring, whereas females rearing larger litters spent more time eating and drinking. Furthermore, Priestnall (1973) found that mice reared in smaller litters Litter size is regressor (X) and offspring weight is regressant (Y). Statistical significance of the coefficient of determination: **P < 0.01. The regression formula shows when the coefficient of determination is more than 0.5. Litter size is regressor (X) and behavioral variables are regressant (Y). Statistical significance of the coefficient of determination: *P < 0.05, **P < 0.01. The regression formulae are not shown because the coefficients of determination were less than 0.5. showed more exploratory behavior as adults than did mice reared in larger litters. Sekiguchi (1980) reported that litter size control changed maternal responsiveness to their offspring, and that this may have influenced offspring growth and behavioral development. Deviterne et al. (1990) found that maternal behavior depended on the number of offspring in the litter and on the offspring's mean weight. Thus it seems that litter size may affect both maternal behavior and mother-offspring interactions. Williams and Scott (1953) had found that social behavior among young mice began during the early lactation period, and that the predominant activities were ingestive and contactual behavior in neonates (0-4 day of age), whereas epimeletic behavior (grooming) appeared and investigative behavior increased in the transition period (5-11 days of age), and dominant behavior patterns were investigative and epimeletic (grooming) during the socialization period (12-25 days of age). Bolles and Woods (1964) reported that social interactions among rats began at 14 days of age with mutual contact among littermates. Crnic (1976) considered that offspring growth and behavioral development might be influenced by changes in mother-offspring, offspringoffspring, and offspring-environment interactions. It seems likely, therefore, that litter size may influence behavioral development in littermates since it affects development of offspring socialization and offspringoffspring interactions.
Nevertheless, none of the behavioral developmental Offspring weight is regressor (X) and behavioral variables are regressant (Y). Statistical significance of the coefficient of determination: *P < 0.05, **P < 0.01. The regression formulae are not shown because the coefficients of determination were less than 0.5. variables measured in this study revealed any consistent effects of litter size or offspring weight. It is possible that neither litter size nor offspring weight influence behavioral development, since most of the measured variables of behavioral development were not affected by either litter size or offspring weight. From the results of this study, it is concluded that behavioral development is not influenced by litter size or offspring weight under natural conditions during the lactation period, and that these behavioral variables measured during this study were suitable for detection of treatment effects in toxicity studies.
